؉ lymphocytes (CD4%) of 25.5% and a median viral load (VL) of 786 HIV RNA copies/ml were enrolled in this study. Nine of these children were also cytomegalovirus (CMV) seropositive. Blood mononuclear cells, stimulated with HIV and CMV antigens, were used to measure lymphocyte proliferation and to enumerate gamma interferon (IFN-␥)-producing CD4 ؉ cells. HIV CMI and CMV CMI were detected in similar proportions of patients and correlated with each other, although the HIV responses were less robust. HIV lymphocyte proliferation significantly increased with lower HIV VL and showed a trend to increase with higher CD4% and longer time on HAART. The in vitro IFN-␥ response to HIV or CMV was not affected by CD4%, VL, or HAART. Pediatric patients with established HIV infection on HAART frequently exhibit HIV CMI despite undetectable HIV replication. We concluded that the association between HIV CMI and CMV CMI indicates that the same factors govern responsiveness to either antigen.
Human immunodeficiency virus (HIV) preferentially destroys CD4
ϩ T lymphocytes and interferes with the functioning of the immune system, weakening defenses against infectious agents. Highly active antiretroviral therapy (HAART) restores CD4 ϩ cell numbers and greatly decreases the incidence of opportunistic infections, indicating that significant immune recovery occurs in treated patients (17, 23, 28) . Furthermore, individuals who previously met AIDS diagnostic criteria recover cytomegalovirus (CMV)-, Mycobacterium avium-, Mycobacterium intracellulare-, and Candida-specific cell-mediated immunity (CMI) while on HAART (8, 15, 18) .
AIDS-associated impairment of the immune system includes the inability of the host to mount a protective response against HIV (21, 27) . Although HIV-specific CD8-mediated cytotoxicity as detected in HIV-infected patients plays a protective role against the progression of infection (6, 13, 25) , CD4-mediated immunity has been difficult to identify. Long-term nonprogressors and patients treated soon after primary infection display HIV-specific CD4-dependent lymphocyte proliferation (1, 20) , but most chronically infected adults, including HAART recipients, do not (24, 29) .
The objective of this study was to compare the HIV-and CMV-specific CD4-mediated responses of HIV-infected children on HAART by using two recently developed and highly sensitive immunological assays, the enzyme-linked immunospot (ELISPOT) assay (32) and intracellular cytokine flow enumeration (ICCK) (34) , coupled with an inactivated whole-HIV antigen preparation (3, 26) .
(Part of this study was presented at the 9th Conference on Retroviruses and Opportunistic Infections, 2002.)
MATERIALS AND METHODS

Patients.
The study enrolled HIV-infected children on HAART but excluded patients with opportunistic infections or immunomodulator therapy. Blood samples were obtained from each patient on at least two occasions. The CD4 ϩ -Tlymphocyte level and HIV viral load (VL) were measured pre-HAART and at each study visit. This study was approved by the Colorado Multiple Institute Review Board. The patients enrolled in this study and their parents understood and agreed to participation.
Specimen processing. Peripheral blood mononuclear cells (PBMC) from heparinized blood were isolated on Ficoll-Histopaque gradients (Sigma), washed, counted, and studied within 24 h of collection or cryopreserved. For cryopreservation, cells were resuspended at 10 7 cells/ml in cold fetal calf serum containing 10% dimethyl sulfoxide, gradually brought to a temperature of Ϫ70°C or lower over 24 h with a Mr. Frosty device (Curtis Matheson Scientific), and transferred to a liquid nitrogen tank. On the day of the assay, the cells were thawed quickly to 4°C, and then RPMI 1640 (Cellgro) containing 10% human AB serum (Nabi) was slowly added. The cells were washed and counted in 0.5% trypan blue. Viability was invariably Ն85%.
LPA. The lymphocyte proliferation assay (LPA) was performed as previously described (36) . PBMC were resuspended in RPMI 1640 (Gibco) with glutaminecontaining 10% human AB serum (Nabi) and 1% antibiotics (Gibco) (stimulation medium). PBMC were added at 10 5 cells/well to triplicate wells containing CMV antigen and mock-infected control each at a 1:200 dilution or HIVinactivated virion and control (obtained from Jeffrey D. Lifson) each at 3 g/ml. After 6 days of incubation at 37°C in a CO 2 incubator, the wells were pulsed with 50 Ci of [ Flow cytometric determination of intracellular cytokine secretion. The ICCK assay was adapted from that described by Waldrop et al. (34) . Two million frozen PBMC were thawed and resuspended in stimulation medium and transferred to 4-ml polypropylene tubes (Falcon). A 3-g/ml concentration of the murine monoclonal antibodies anti-CD49d and -CD28 (Becton Dickinson) was added to the cells, followed by the addition of specific antigens. The antigens and con-centrations used were as follows: CMV and control antigens, 1:10 dilution; HIV and control antigens, 3 g/ml; Staphylococcus aureus enterotoxin B (Sigma), 10 g/ml. After 6 h of incubation at 37°C in a CO 2 incubator, brefeldin A (Sigma) was added to a final concentration of 10 g/ml. Cells were further incubated for 16 h at 37°C in a CO 2 incubator and then fixed and stained for CD69, gamma interferon (IFN-␥), CD4, and isotype controls (36) . At least 10,000 cells were analyzed in each assay by use of a Coulter XL flow cytometer. Assays were considered positive when the number of CD4 ϩ CD69 ϩ IFN-␥ ϩ cells was Ն0.2% of the total number of CD4 ϩ cells. ELISPOT assay. The ELISPOT assay was adapted from that described by Smith et al. (32) . Frozen cells were thawed and resuspended at 10 7 cells/ml in ELISPOT assay medium (RPMI 1640, 10% human serum, 10 mM HEPES [Cellgro], 2 mM L-glutamine, 100 U of penicillin-streptomycin/ml). Final antigen dilutions and concentrations were as follows: for HIV and mock HIV control antigens (3, 26), 3 g/ml; for CMV antigen and control, 1:10 dilution; for phytohemagglutinin (Sigma), 20 g/ml. A 50-l volume containing 5 ϫ 10 5 cells was added to 50 l of twice-concentrated antigen. This mixture was then added to 96 microtiter wells precoated with anti-human recombinant IFN-␥ monoclonal antibody (Endogen). The plates were incubated at 37°C in a CO 2 incubator for approximately 20 h. The wells were washed six times with wash buffer (phosphate-buffered saline, 0.005% Tween 20), and 50 l of biotin-labeled monoclonal anti-human recombinant IFN-␥ antibody (Endogen) diluted to 1:1,000 in dilution buffer (phosphate-buffered saline, 5% fetal bovine serum, 0.005% Tween 20) was added to each well. After an overnight incubation at 4°C, the wells were washed six times in wash buffer. Streptavidin-alkaline phosphatase (Pierce) was diluted to 1:1,000 in dilution buffer, and 100 l was added to each well. After a 2-h incubation at room temperature, 100 l of chromogen substrate (1- Step NBT/BCIP [nitroblue tetrazolium-5-bromo-4-chloro-3-indolylphosphate]; Pierce) was added to each well. The plates were incubated at room temperature for 5 min, and the reaction was terminated by thoroughly washing the plates with running tap water. Numbers of spot-forming cells (SFC) were calculated by using a ϫ10 magnification for visual counts. Positive results were defined as Ն20 SFC/10 6 PBMC, which corresponds to the mean number of SFC measured in PBMC from seronegative individuals ϩ 2 standard deviations. CD8 depletion did not decrease the number of SFC, indicating that the bulk of the response was mediated by CD4 cells.
Statistical analysis. The data were analyzed using Statview version 5.0.1 software (SAS). Tests were chosen based on the distribution of values and numbers of observations. A P value of Յ0.05 was considered significant.
RESULTS
Patient characteristics. This study enrolled 12 HIV-infected children and adolescents between 4 and 24 years of age, 9 of whom were CMV seropositive (Table 1) . Nine patients had been perinatally infected, two had been infected by blood transfusions, and one had been infected by a sexual route. The subjects had received HAART for an average of 3.6 years. The median CD4
ϩ lymphocyte level (CD4%) and HIV VL prior to HAART were 18% Ϯ 11% and 4.3 Ϯ 0.8 log 10 RNA copies/ml, respectively. During the study, patients were seen on two to six occasions, separated by 1 month to 4 years. The CD4% and HIV VL of all visits were 26% Ϯ 10% and 2.7 Ϯ 1.4 log 10 RNA copies/ml, respectively (mean Ϯ standard deviation). Throughout the study, the HIV VL values were consistently Յ2.7 log 10 RNA copies/ml in five patients, always Ͼ2.7 log 10 RNA copies/ml in five patients, and alternated between visits in the remaining two patients. CD4% values were consistently Ն20% in eight patients, always Ͻ20% in two patients, and alternated between visits in the remaining two patients.
HIV-and CMV-specific immunity in pediatric HAART recipients. To determine if HIV immunity was differentially depressed by HIV infection and HAART, we compared HIVspecific cell-mediated immunity (CMI) to CMV-specific CMI by three different assays: LPA, ELISPOT assay, and ICCK (Fig. 1) . Similar proportions of patients demonstrated HIVand CMV-specific LPA responses at least once (66% versus 89%, P ϭ 0.24). Seven of 12 patients had consistent HIV LPA responses throughout the study, whereas 5 demonstrated alternate positive and negative HIV LPA responses. In comparison, six of nine CMV-seropositive patients had consistent CMV LPA responses, indicating that intrapatient LPA variabilities were similar for HIV and CMV (P ϭ 0.9, Fisher's exact test). Qualitative analysis of all LPA responses showed a significantly lower proportion of responses to HIV than to CMV (46% versus 75%, P ϭ 0.02).
ELISPOT analysis showed that all patients responded to HIV and CMV on at least one occasion. Six of 11 patients who were tested by the HIV ELISPOT assay on at least two occasions had consistent positive results, but the results for 5 patients alternated between visits. By comparison, eight of nine CMV-seropositive patients had positive ELISPOT assay results at all visits, and one did not (P ϭ 0.18 for HIV versus CMV intrapatient variability). Responses to HIV stimulation tended to be less frequent (74% versus 95%, P ϭ 0.06) and significantly less robust (median SFC of 60 versus 90, P ϭ 0.007) than the responses to CMV stimulation. ICCK responses after HIV and CMV stimulation were similar with respect to the proportion of patients who responded on at least one occasion (66% versus 78%, P ϭ 0.24), intrapatient variability (45% versus 29%, P ϭ 0.7), proportion of responses across all study visits (46% versus 65%, P ϭ 0.16), and number of IFN-␥-producing activated CD4% (median of 0.1% versus 0.2%, P ϭ 0.3).
Two or more assays of HIV-stimulated responses were concordant on 44 to 63% of visits, which was similar to the concordance of assays of CMV-stimulated responses, which varied between 44 and 73%.
Immunologic and virologic correlates of HIV immunity in HIV-infected children on HAART. To identify factors that affect the HIV-or CMV-specific responses, associations between HIV VL, CD4%, and length of time on HAART with LPA, ELISPOT, and ICCK results were investigated by Spearman rank correlation tests. HIV LPA results significantly increased with lower HIV VL (P ϭ 0.02, ϭ Ϫ0.379). There were trends towards increases with higher CD4% and longer time on HAART, but they did not reach statistical significance (P of 0.06 and 0.09, respectively). CMV LPA showed a trend to- wards increase with longer time on HAART (P ϭ 0.09). None of the other measurements of HIV or CMV CMI correlated with HIV VL, CD4%, or duration of HAART (P of 0.3 to 0.9). The intrapatient variability of LPA, ELISPOT, or ICCK results for CMV or HIV did not correlate with intervisit changes in CD4% or HIV VL above or below 20% and 2.7 log 10 copies/ml, respectively. The likelihood of detecting an HIV CMI response was higher in patients with CMV CMI responses (P ϭ 0.05), suggesting that a common set of factors affects the presence of HIV-and CMV-specific immunities. There were no apparent differences in results with respect to age or mode of HIV acquisition. However, the number of patients was too small to draw significant conclusions.
DISCUSSION
These children with chronic HIV infection on HAART displayed HIV-specific CD4-mediated CMI at one or more study visits. This finding differs from those of previous reports, which showed much less frequent HIV-specific CD4-mediated immunity in adults with established HIV infection (2, 5) or in infants who started therapy in the first 3 months of life (19) . The most likely explanation is that unique characteristics of the immune system of children, which are lacking in adults or young infants, facilitate the reconstitution of HIV CMI in children. There is evidence that the thymic function of HIV-infected children improves on HAART (16, 12, 10) . The thymus may provide new T cells, which, if they are of the right specificity, may join the HIV memory CD4 ϩ pool after antigenic stimulation. HAART, by inhibiting viral replication, would allow these cells to survive and compensate for HIV-specific CD4 ϩ cells that are lost during the phase of unchecked viral replication. In adults, the thymus has a reduced potential of generating new T cells and may limit reconstitution of HIV immunity. Other factors related to antigen presentation and memory-T-cell generation might be limiting the HIV-specific immunologic memory in infants (19) . Our observation that HIV LPA results increase with lower HIV VL, higher CD4%, and longer duration of HAART further supports the notion that CD4-specific HIV immunity in chronically infected children is a component of immune reconstitution.
Previous studies showed a direct relationship between HIV CMI and HIV VL (4, 14) that could not be verified in this study. In other reports, the relationship between the magnitude of HIV replication and intensity of the anti-HIV immune response tended to be more pronounced for cytotoxic T lymphocytes, which sometimes completely disappeared from the blood of patients with good control of viral replication (33) . This finding has been interpreted as an indication that continuous antigenic stimulation is necessary for maintenance of HIV CD8
ϩ and possibly CD4 ϩ immunologic memory. We did not evaluate HIV CD8 ϩ responses in this study, but our results indicate that HIV-specific CD4 ϩ memory may not require continuous antigenic stimulation. In this study, five children with undetectable HIV VL during many years of HAART had HIV p24 contains only a limited number of T-cell epitopes compared with that of the whole virus. In fact, in our laboratory, in vitro responses to p24 were less frequent and less robust than the responses to whole virus (data not shown).
Among the different measures of HIV and CMV CMI, the ELISPOT was the most sensitive assay. The ELISPOT and ICCK assays were performed with frozen PBMC, which might have decreased the magnitude of the measured responses, whereas the LPA was performed with fresh cells. Nevertheless, the ELISPOT assay had the highest proportion of positive results and there were no instances in this study of a negative ELISPOT result accompanied by a positive LPA or ICCK result. The ELISPOT assay measures IFN-␥ secretion, an early event after the T-cell cognate encounter with antigen. In contrast, LPA involves several amplification steps subsequent to antigen-stimulated cytokine secretion, ultimately leading to proliferation. Impairment of the amplification steps would account for decreased sensitivity of the LPA in HIV-infected patients (7, 11, 22, 30, 31, 35) . ICCK is limited by the number of events analyzed in an assay, which rarely surpasses the 10,000 figure, and by the low specificity of the fluorescent signal at frequencies of Ͻ0.1%. Therefore, while the HIV ELISPOT assay cannot detect Ͻ20 HIV-specific CD4 ϩ cells/ 10 6 PMBC, HIV ICCK cannot detect Ͻ500 HIV-specific CD4 ϩ cells/10 6 PBMC. The increased sensitivity of the ELIS-POT assay was associated with a lower intervisit variability than those of the LPA and ICCK. Overall, there was a 44 to 63% concordance among the HIV assays used in this study, reflecting the different characteristics.
CMV CMI shared the assay characteristics described above for HIV CMI. Other observations common to HIV CMI and CMV CMI included similar proportions of patients and visits in which CMI was detected and a significant association between HIV CMI and CMV CMI results. The multiple similarities between CMV CMI and HIV CMI in children on HAART suggest a common mechanism controlling CMI against both pathogens. However, the magnitude of CMV CMI responses was higher than that of HIV CMI responses. This could be related solely to differences in the antigen preparations. Alternatively, it might indicate a lower frequency of HIV-specific responders than of CMV-specific responders, which would be in accordance with recent studies suggesting that HIV immunopathogenesis includes preferential destruction of HIV-specific CD4 ϩ cells (9). Our observation that continuous antigenic stimulation may not be necessary for maintenance of HIV CMI in children on HAART has important clinical ramifications and needs to be confirmed. The role of therapeutic vaccination and of structured treatment interruptions as an immune boost in the management of pediatric HIV infection would have to be evaluated in the context of an already existent HIV-specific immune response. The relatively weak HIV CMI (as compared with CMV CMI) indicates that there is room for improving HIV immunity. However, since a relationship between the magnitude of the immune response and protection against disease has not been established, it remains to be determined whether children who reconstitute HIV immunity on HAART will benefit from additional boosts.
